ABSTRACT
This monograph is an outgrowth of several years of work. It began with a suggestion by Joel Claypool from Morgan & Claypool Publishers and Constantine Balanis of Arizona State University on writing a monograph on our recent contributions to computational electromagnetics (CEM). Unfortunately, we had just written a book on CEM a few years ago, and it was hard to write a new book without repeating many of the materials written in Fast and Efficient Algorithms in Computational Electromagnetics (FEACEM).
In the midst of contemplating on a topic, it dawned upon me that there was no recent books on integral equation methods. There had been books written on integral equations, but either they have been around for a while, such as books edited by Mittra, and by Miller, Medgyesi-Mitschang and Newman, or they were written by mathematicians, such as the book by Colton and Kress.
Much of the knowledge in integral equation methods still resides in journal papers. Whenever I have to bring researchers to speed in integral equation methods, I will refer them to study some scientific papers but not a book. So my thinking was that if we could consolidate all important knowledge in this field in one book, then researchers just need to read the pertinent chapters in this book to gain important knowledge needed for integral equation research.
Integral equation methods have been around for several decades, and their introduction to electromagnetics has been due to the seminal works of Richmond and Harrington. After the initial works of Richmond and Harrington in the 1960s, there was a surge in the interest in this topic in the 1980s (notably the work of Wilton and his coworkers) due to the increased power of computers. The interest in this area was on the wane when it was demonstrated that differential equation methods, with its sparse matrices, can solve many problems more efficiently than integral equations. However, in recent decades (1990s), due to the advent of fast algorithms, there was a revival in integral equation methods in electromagnetics.
Much of our work in recent years has been in fast algorithms for integral equations, which prompted our interest in integral equation methods. While previously, only tens of thousands of unknowns can be solved by integral equation methods, now, tens of millions of unknowns can be solved with fast algorithms. This has prompted new enthusiasm in integral equation methods. This enthusiasm had also prompted our writing the book FEACEM, which assumed that readers would have the basic knowledge of integral equation methods. This book would help to fill in that knowledge.
With this book, important relevant knowledge for integral equations are consolidated in one place. Much of the knowledge in this book exists in the literature. By rewriting this knowledge, we hope to reincarnate it. As is in most human knowledge, when it was first discovered, only few could understand it. But as the community of scholars came together to digest this new knowledge, regurgitate it, it could often be articulated in a more lucid and succinct form. We hope to have achieved a certain level of this in this book.
Only one chapter on this book is on fast algorithm, namely, Chapter 7, because the topic of this chapter has not been reported in FEACEM. This chapter is also the outgrowth of BH's PhD dissertation on fast inhomogeneous plane wave algorithm (FIPWA) for free space and layered media.
Since many researchers in electromagnetics can easily learn the knowledge related to elastic waves, as many of our researchers do, we decide to include Chapter 8 in this book. It is written primarily for practitioners of electromagnetics-Learning linear elastic wave theory does not require a quantum leap for electromagnetic practitioners. Because we have recently applied some of our expertise in solving the elastic wave problems, including the application of fast algorithm, we decide to include this chapter.
In this book, Chapters 1 to 6 were primarily written by WCC, while Chapter 7 was written by BH, and MST wrote Chapter 8, the last Chapter. We mutually helped with the proofreading of the chapters, and in particular MST helped extensively with the proofreading, editing, as well as the indexing of the book.
As for the rest of the book, Chapter 1 introduces some concepts in CEM, and tries to contrast them with concepts in computational fluid dynamics (CFD), which itself is a vibrant field that has been studied for decades.
Chapter 2 is on the fundamentals of electromagnetics. We relate some fundamental concepts to concepts in linear vector space theory. It is de rigueur that students of CEM be aware of these relationships. After all, a linear integral equation eventually becomes a matrix equation by projecting it into a subspace in the linear vector space.
Chapter 3 gives a preliminary introduction to integral equation methods without being bogged down by details. It emphasizes mainly on a heuristic and physical understanding of integral equation methods. For many practitioners, such a level of understanding is sufficient.
Chapter 4 is not for the faint hearted as it delves into more details than Chapter 3. It discusses integral equations for impenetrable bodies as well as penetrable bodies. It deals with a very important issue of uniqueness of many of these integral equation methods. It introduces Gedanken experiments to prove the nonuniqueness of these solution methods, and discusses remedies for them.
Chapter 5 is on low-frequency methods in integral equations. Integral equation methods, as well as differential equation methods, are plagued with instabilities when the frequency is extremely low, or the wavelength is very long compared to the structure being probed. This is because we are switching from the regime of wave physics to the regime of circuit physics (discussed in Chapter 1). This transition presage a change in solution method when one goes into the low-frequency regime, which I have nicknamed "twilight zone!"
Chapter 6 reports on how one formulates the integral equations in the layered media. The derivation of the dyadic Green's function for layered media is often a complex subject. It involves complicated Sommerfeld integrals, which often are poorly convergent. We propose a new formulation, which harks back to the technique discussed in Waves and Fields in Inhomogeneous Media, as oppose to the Michalski-Zheng formulation, which is quite popular in the literature.
Integral equation methods are in general quite complex compared to differential equation methods. To convert integral equations to matrix equations, one has to project the Green's operator onto a subspace by numerical quadrature. This numerical quadrature involves singular integrals, and can be quite challenging to perform accurately. We regret not being able to discuss these numerical quadrature techniques in this book. These often belong to the realm of applied mathematics on numerical quadrature of singular integrals. Much has been written about it, and the monograph does not allow enough space to discuss this topic.
However, we hope that we have discussed enough topics in this short monograph that can pique your interest in this very interesting and challenging field of integral equation methods. Hopefully, many of you will pursue further research in this area, and help contribute to new knowledge to this field!
